Recent studies have shown that the central Indian Ocean warm pool has been warming for the 2 past half-century, though the reasons behind this monotonous warming are still debated. The 3 results here reveal a larger picture-that the western tropical Indian Ocean has been warming 4 for more than a century, at a rate faster than any other region of the tropical oceans, and turns 5 out to be the largest contributor to the overall trend in the global mean sea surface 6 temperature (SST). During 1901-2012, the western Indian Ocean experienced anomalous 7 warming of 1.2°C in summer SSTs, while rest of the warm pool region went through an 8 increase of 0.7°C. The warming of the generally cool western Indian Ocean against the rest of 9 the tropical warm pool region displaces the zonal SST gradients, and has the potential to 10 change the Asian monsoon circulation and rainfall, as well as alter the marine food webs in 11 this biologically productive region. The current study using observations and global coupled 12 ocean-atmosphere model simulations gives compelling evidence that, besides direct 13 contribution from greenhouse warming, the long-term warming trend over the western Indian 14 Ocean during boreal summer is highly dependent on the asymmetry in the El Niño Southern 15 Oscillation (ENSO) teleconnection and the positive SST skewness associated with ENSO 16 during recent decades.
Introduction 19
A handful of studies have been devoted to the cause and effect of basin-wide Indian Ocean 20 warming (Alory et al. 2007; Chambers et al. 1999; Dong et al. 2014; Du and Xie 2008; Klein 21 et al. 1999; Rao et al. 2012; Swapna et al. 2013 ); yet the reasons behind the steady and 22 prominent warming remain ambiguous and are still debated. These studies have shown that 23 the whole Indian Ocean has been warming throughout the past half century. A close 24 examination of the sea surface temperatures (SSTs) over the Indian Ocean reveals a larger 25 story-that the western Indian Ocean has been warming for more than a century. Figure 1a 26 shows the SST trend during 1901-2012, during northern summer. A striking feature is the 27 absence of any trend in SST over the tropical Pacific, and the presence of a warming trend 28 (>0.1°C per decade) over the western tropical Indian Ocean. A similar evolution is found in 29 other seasons and other available SST datasets, though the trend is stronger during summer 30 ( Fig.S1 ).
31
In comparison with the rest of the Indian Ocean, the western Indian Ocean generally 32 has cooler mean SSTs in summer, owing to the strong monsoon winds and the resultant 33 upwelling over the western Indian Ocean (Fig.2 ). This creates a zonal SST gradient, which 34 regulates the strength and flow of the moisture laden winds towards the South Asian 35 subcontinent (Izumo et al. 2008; Yang et al. 2007 ). In addition, the summer SSTs show that 36 western region has the largest interannual variability (Fig.1b) . A warming trend in the mean 37 SSTs over this region can in turn modify the monsoon interannual variability (Yang et al. 38 2007). The western Indian Ocean is also one of the most biologically productive regions 39 during the summer due to the intense upwelling (Ryther and Menzel 1965) . Hence a 40 significant change in the SSTs of this region can also alter marine food webs (Behrenfeld et 41 al. 2006 ). Besides localized responses, a warming in the Indian Ocean has remote influences 42 too. It has been suggested that a warm Indian Ocean has the potential to weaken the El Niño 43 during its developing and terminating phases (Annamalai et al. 2005; Kug and Kang 2006; 44 Luo et al. 2012) . 45 Though earlier studies have investigated the sustained warming over the Indian 46 Ocean, the focus has been on the warm pool region (Dong et al. 2014; Du and Xie 2008; Rao 47 et al. 2012; Swapna et al. 2013 ). These studies have implied local ocean-atmosphere coupled 48 mechanisms for the continuous warming over the region, in addition to anthropogenic 49 forcing. However, there is large uncertainty among these studies, presenting a chicken-and-50 egg problem on the cause and effect of the warming. Some of these studies argue that the 51 warming weakens the monsoon winds over the Indian Ocean which further enhance the 52 warming, while others suggest that weakened monsoon winds have accelerated the warming 53 (Rao et al. 2012; Swapna et al. 2013) .
54
A few other studies have shown that the SSTs over Indian Ocean are warmer 3-4 55 months after the mature phase of El Niño (Du et al. 2009; Lau and Nath 2003; Xie et al. 56 2009). Though a connection between individual El Niños and warm Indian Ocean events has 57 been suggested (Cadet 1985; Murtugudde et al. 2000; Nicholson 1997; Tourre and White 58 1995; Xie et al. 2002; Yu and Rienecker 1999) , no relationship has been demonstrated with 59 respect to the long-term warming trends over the Indian Ocean and hence, its association with 60 El Niño during summer is investigated here.
62

Data, Model and Methods
63
Long-term warming trend and correlations are estimated using SST data for the period 1901-64 2012 obtained from the HadISST1 dataset, and robustness of these results are assessed using 65 ERSST and marine-nighttime SSTs from HadMAT (Rayner et al. 2003; Smith et al. 2008) .
66
Data coverage in the tropical Indian Ocean is generally quite good since the late 19 th century 67 (Compo and Sardeshmukh, 2010; Deser et al., 2010) . In order to ascertain the role of The unbiased moment estimate of skewness is used to measure the asymmetry, and 89 also the frequency and intensity of ENSO events. This statistic may be computed as 90 Skewness = n.M 3 /[(n-1)(n-2). 3 ], where M 3 is ∑(x i -x) 3 ,  is the unbiased estimate of 91 standard deviation, and n is the number of observations. 92 93
Results
94
It is observed that the western Indian Ocean (Fig.1c of up to 1.2°C, while the warm-pool warming was constrained to 0.7°C. This results in a 103 0.5°C difference in the warming, which is significant with respect to the Indian Ocean SSTs, 104 and in turn the monsoon dynamics (Izumo et al. 2008; Yang et al. 2007) . Apart from 105 nullifying the zonal SST gradient and changing the monsoon circulation, an SST increase 106 from 26.5°C to 28.0°C will also drastically change the convective response from shallow to 107 deep convection (Gadgil et al. 1984; Roxy 2013; Roxy et al. 2012) . The sustained warming 108 over the western Indian Ocean against that of the warm pool is also stronger in the annual 109 mean SSTs (Fig.1d ).
110
Similar to other regions over the global oceans, anthropogenic forcing might be a 111 major contributor to the observed warming over the Indian Ocean. However, the historical 112 climate model simulations under CMIP5 using observed greenhouse gases forcing does not 113 reproduce the zonal SST gradient, or the pronounced warming over the western Indian Ocean 114 ( Fig.1c ). Instead, the western Indian Ocean warming trend in CMIP5 is similar to the warm 115 pool trend. This could mean that, apart from the direct radiative forcing due to increased 116 greenhouse gases, other unaccounted mechanisms in the simulations (e.g. modulation of 117 ENSO skewness and associated teleconnections) may also have a role in contributing to the 118 observed SST trends over the western Indian Ocean.
119
A simultaneous correlation analysis between east Pacific and global summer mean 120 SST anomalies, after removing the global warming trends, depicts significant positive 121 correlation over the western Indian Ocean (Fig.3a ). Time series of these anomalies 122 constructed over the east Pacific (120-80°W, 5°S-5°N) and the western Indian Ocean yield a 123 high correlation (r=0.6), significant at 99% confidence level (Fig.3b ). This indicates that 124 ENSO dominates the western tropical Indian Ocean variability during boreal summer through 125 fast atmospheric teleconnections.
126
It is striking to notice that the number and intensity of El Niño events have 127 significantly increased during the latter half of 20 th century (12 events), in comparison with 128 the former half (7 events). During recent decades, SST skewness exhibits more positive 129 values in the eastern Pacific reflecting the fact that amplitude and frequency of El Niño 130 events have increased ( Figs.3b and 4 ). The rate of Indian Ocean warming has also increased 131 during the last five decades, which saw some of the strongest El Niños during the past 132 century ( Fig.3b ). It is however noted that the Indian Ocean SST anomalies associated with 133 the La Niñas are relatively smaller in comparison with those associated with the El Niños.
134
One of the interesting facts is that, post-1950, a few warm events over the Indian Ocean have 135 attained the threshold value for El Niño (1σ=0.77°C, Fig.3b ). This places these warm events 136 almost on par with the El Niños in magnitude, although the peaks are not as high.
137
In order to ascertain whether the increasing number of warm events may contribute to 138 the long-term warming trend, the skewness of the east Pacific detrended SST anomalies is 139 contrasted along with the trend of the western Indian Ocean SST anomalies (Fig.4c ). The 140 asymmetry between warm and cold events over east Pacific, with a skewness towards warm 141 events throughout the time period is evident. This positive skewness of eastern Pacific SSTs 142 is well correlated with the warming trend observed over the western Indian Ocean (Fig.4c,   143 r=0.76 for annual values, significant at 99% confidence level).
144
The asymmetry in ENSO forcing is substantiated by comparing the atmospheric 145 circulation over the tropics during El Niño and La Niña years against the climatological 146 walker circulation (Fig.5a) . The El Niño composite shows an anomalous shift in the (Fig.S3) , it is found that El Niño events have a stronger impact in warming, than La 
Summary and Discussion
218
Recent studies have pointed out an increased warming over the Indian Ocean warm pool, 219 during the past half century. The current study, using SST trends computed over the past 220 century indicates a long-term warming trend over the western Indian Ocean, which surpasses 221 that over the warm pool, in both magnitude and period (Fig.1c) . The results from the study 222 point out the asymmetry in the ENSO teleconnection as one of the reasons, whereby El Niño 223 events induce anomalous warming over the western Indian Ocean and La Niña events fail to 224 do the inverse. A second, prominent reason is the positive SST skewness associated with 225 ENSO, as the frequency of El Niño events have increased during recent decades.
226
The IPCC Fifth Assessment Report (AR5) points out that 90% of the heat due to the 227 global warming during the last four decades has been accumulated in the oceans (IPCC 228 2013). The periodic occurrence of El Niño acts as a vent to exchange this heat from the ocean 229 to the atmosphere. It is this heat that is partially transferred to the Indian Ocean via a 230 modified Walker circulation, and is reflected in the warming trend over the region. It is 231 interesting to note that the warming trend over the Indian Ocean is a major contributor, and 232 largely in phase with the overall trend in the global mean SST (Fig.7) . Though the frequency 233 of El Niño events has increased in the recent decades, a strong warm event has not been 234 recorded since 1997-98 (Fig.3b) , and correspondingly the Pacific and Indian Ocean SST These SST anomalies are defined with respect to a monthly climatology computed from the 393 sensitivity experiment without ENSO variability (noENSOvar). a denotes the role of ENSO-394 skewness and b that of ENSO-asymmetry, on the Indian Ocean. Contours denote regions 395 significant at the 99% confidence level estimated from a resampling method. 396 values of the two time series are significantly correlated (r=0.76), at 99% confidence level. 424 (a) SST Skewness (b) SST Skewness ENSO is estimated from the SST anomalies in the control run (ENSOvar). These SST anomalies are 436 defined with respect to a monthly climatology computed from the sensitivity experiment without 437 ENSO variability (noENSOvar). a denotes the role of ENSO-skewness and b that of ENSO-438 asymmetry, on the Indian Ocean. Contours denote regions significant at the 99% confidence level 439 estimated from a resampling method. 440 (a) SST Difference between and 
(b) SST Difference between [ENSOvar] and [noENSOvar]
